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Abstract: Climate change is becoming more important day after day. The main actor to decarbonize
the economy is the building stock, especially in the energy used for Domestic Hot Water (DHW),
heating and cooling. The use of renewable energy sources to cover space conditioning and DHW
demands is growing every year. While solar thermal energy can cover building heating and DHW
demands, there is no technology with such potential and development for space cooling. In this paper,
a new concept of combining radiative cooling and solar thermal collection, the Radiative Collector and
Emitter (RCE), through the idea of an adaptive cover, which uses different material properties for each
functionality, is for the first time experimentally tested and proved. The RCE relies on an adaptive
cover that uses different material properties for each functionality: high spectral transmittance in the
solar radiation band and very low spectral transmittance in the infrared band during solar collection
mode, and high spectral transmittance in the atmospheric window wavelength during radiative
cooling mode. Experiments were performed during the summer period in Lleida (Dry Mediterranean
Continental climate). The concept was proved, demonstrating the potential of the RCE to heat
up water during daylight hours and to cool down water during the night. Daily/nightly average
efficiencies up to 49% and 32% were achieved for solar collection and radiative cooling, respectively.
Keywords: radiative cooling; solar thermal collection; renewable energy; low-grade energy source;
building integration; experimental setup
1. Introduction
The effects of climate change are becoming more dangerous and destructive day after day.
This subject is in the public eye and governments are taking actions on this matter. To mitigate or
reverse these effects, long-term greenhouse gas emissions goals are being set. One of the main actors to
decarbonize the economy is the building stock, responsible for 36% of all CO2 emissions in the EU.
Special consideration must be taken in the energy used for heating and cooling which is up to 50%
of the final energy consumption (80% of which in buildings). This is why special efforts are being
made in renovating the current building stock by energy efficiency means as well as considering the
deployment of renewables [1].
The use of renewable energy sources to cover space conditioning and Domestic Hot Water (DHW)
demands seems more likely over the years. While solar thermal energy can cover building heating
and DHW demands [2], there is not yet a technology with such potential and development for space
cooling. In fact, despite the existence of a few renewable cooling technologies, they present significant
limitations [3].
Compression and absorption heat pumps are the main technologies for cooling purposes,
compression heat pumps being the most common. These devices consume large amounts of electricity,
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although they are considered renewable sources under certain circumstances [4,5]. On the other
hand, absorption heat pumps may use solar energy as driving heat, but they present some important
disadvantages such as, low efficiency, a need of high temperatures (>100 ◦C), large equipment sizes and
the need for auxiliary equipment such as a cooling tower (which increases the cost of the installation
and can result in health problems such as legionella) [6].
Alternatively, radiative cooling is a renewable cooling technology that can complement
conventional cooling systems. Radiative cooling uses the sky as a heat sink, benefiting from its
effective temperature which is much lower than ambient temperature. Energy can be dissipated
to the sky taking advantage of the infrared atmospheric window (7–14 µm). This window allows
infrared radiation to pass directly to outer space without intermediate absorption and re-emission
in the atmosphere. Heat dissipation is produced by longwave radiation (thermal radiation) from a
surface to the sky. The sky temperature during the night can be lower than 0 ◦C or even −10 ◦C [7],
allowing temperatures suitable for cooling. However, this phenomenon is a priori only valid during
the night, since during the day solar radiation (shortwave radiation) is higher and the radiation balance
results in thermal gains (heating). The sky temperature can be related to the ambient temperature
using sky emissivity [8].
Radiative cooling technology attracted a lot of attention in the 1970s, with lots of papers published.
However, the lack of suitable materials and solutions in order to reduce the heat gains limited its
development. Most of the research done up-to-date has focused in the development of correlations
and numerical models to determine the effective temperature of the sky and/or the emissivity of
the sky [9–12], in the search of selective materials suitable for the dissipation of radiation at certain
wavelengths [13–16] and in the evaluation of some specific radiative cooling devices [17–20].
Etzion and Erell [21] highlighted as one of the limitations for the potential of radiative cooling
the effect of ambient air on the radiative surface. The cooling potential of the surface allows reaching
temperatures much lower than the ambient ones; however, the heat transfer by convection from the
ambient air to the radiative cooler reduces its potential. Although different covers transparent to
thermal radiation have been studied, there are still some thermal gains that reduce the potential of
radiative cooling.
Bathgate and Bosi [22] determined the potential of a radiative cooling device (based on the optical
properties of the materials) for different materials and radiator temperatures. They observed that
certain selective materials achieved higher power (even doubling it) than using no selective material
(black body).
More recently, significant developments have been achieved in the field of materials capable
to produce radiative cooling during both night and daytime. In 2013, Rephaeli et al. were the
first ones to develop such a material [23,24]. Later on, other materials were developed with similar
properties [25–29]. This demonstrates the huge interest and potential of radiative cooling as a
renewable technology.
Even with the great research effort done [30], radiative cooling is not a technology mature enough.
No commercial device has reached the market yet. The main drawback is its low available cooling
power density (between 20 and 80 W/m2) [31], with peak values of 120 W/m2 [32] or even higher with
new metamaterials (199 W/m2 in [33]). Therefore, improvements are needed to make radiative cooling
feasible. A potential improvement is the coupling of radiative cooling and solar thermal collection
in a single device. This new concept will be able to produce both heat and cold, thus improving its
feasibility to reach the market. Despite that these two technologies use different types of radiation
(different wavelengths), it is possible to couple them as they are not used at the same time, so there is
no interference between them; solar collection works during sunlight hours whereas radiative cooling
is more effective at night.
Little research has been done in the combination of both solar collection and radiative cooling in a
single device, and most of them only characterized the heat produced by a radiative cooler, but did not
intend to design and evaluate a device suitable for both functions. Errel and Etsion identified some
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of the main differences between a solar collector and a radiative cooler [18]. They highlighted, apart
from the cover material, that the radiative cooler needs a pump to circulate the fluid, while the solar
collector can in some cases rely on the thermosiphon effect. On the other hand, the effects of convective
heat transfer in a solar collector are always negative, since the fluid is always warmer than the ambient.
This is not always the case for the radiative cooler, since the air can be used as a cold source during
some moments during the night. Finally, they also highlighted that the geometry pipe-fin of a solar
collector is not necessarily the best one for a radiative cooler, as they demonstrated numerically.
Erell and Etzion [34] in 1996 used a radiative cooler to perform some experiments under winter
conditions to produce heat. Results showed the capacity of the device to produce heat, considering
that the system was designed to produce cold and that it had no cover. The main limitation is that,
although radiative cooling devices are very similar in shape as solar collectors, their behavior is
completely opposed. While the solar collector operates during the sunlight hours to collect shortwave
radiation, the radiative cooler operates during night time emitting longwave radiation. This difference
in the radiation wavelength means that conventional covers used in solar collectors are not suitable
for radiative cooling (since they do not allow longwave radiation to pass through). This and other
limitations found by [34] are nowadays of great interest due to the advances in material development
and heat transfer optimization. Similar experiments were done more recently by Hosseinzadeh and
Taherian [35] and by Xu et al. [36]. However, in all the studies, no cover was used, dramatically limiting
the efficiency of the device.
Vall et al. [37] studied the potential of a new concept consisting of combining solar collection and
radiative cooling to partially cover the DHW and cooling demands for different typologies of buildings
located in different climates. The new concept showed suitability in some of the studied cities with C
(temperate) and D (continental) climates in residential and tertiary buildings.
As stated before, new materials have been recently developed for day-long radiative cooling.
However, these materials still present the limitation that they do not allow solar collection at the same
time. In 2015, Hu et al. [38] developed a spectral selectivity surface suitable for both solar collection and
radiative cooling. The new surface, the TPET, presents high absorptivity/emissivity in both the solar
radiation and atmospheric window bands. However, this material will also emit in the atmospheric
window band during solar radiation collection, which can diminish the heat collection. Moreover, Hu
et al. did not consider the radiative properties of the cover of the solar collector/radiative cooler, using
polyethylene as cover, which will reduce the efficiency during solar collection mode due to the high
emissivity in the near-infrared wavelength [39].
Thus, a research gap is found in the lack of a technology capable of producing both solar collection
heating and radiative cooling (RCE).
In this paper, the new concept of combining radiative cooling and solar thermal collection,
which is mentioned as Radiative Collector and Emitter (RCE), is presented and experimentally
tested. The new concept relies on an adaptive cover that uses different material properties for each
functionality: radiative cooling and solar thermal collection. The adaptive cover will provide high
spectral transmittance in the solar radiation band and very low spectral transmittance in the infrared
band during the solar collection mode, and high spectral transmittance in the atmospheric window
wavelength during radiative cooling mode. This innovation will result in a novel approach, based
on the adaptive cover and not the collecting/radiating surface, to combine radiative cooling and
solar heating.
The purpose of this research and its main novelty is to prove experimentally, for the first time, the
RCE concept through the idea of an adaptive cover, which uses different material properties for each
functionality: radiative cooling and solar thermal collection. This will contribute to taking the first step
in its potential introduction to the market.
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2. Experimental Setup
The experimental setup consisted of a solar collector, a radiative cooler, 2 water tanks, a water
pump, 6 temperature sensors, 2 flow meters, a pyrgeometer and the control and data acquisition
systems. The acquisition data equipment consisted of a data logger (model DIN DL-01-CPU), connected
to the adapter data logger-computer (model AC-250). The computer software to compile the data was
STEP TCS-01. The solar collector used was model FUJI-P. It was a 2 m × 1 m × 80 mm aluminum frame
collector, with a transparent 3 mm glass and 30 mm glass-wool back insulation. The collector has 8
cooper pipes of 8 mm internal diameter and 0.6 mm thick. In a similar way, radiative cooler is in fact a
modified version of the same solar collector (FUJI-P), having replaced the glass screen by a 0.6 mm
thick polyethylene (PE) film and having painted the surface of the radiator with black paint in order to
adapt it to the required characteristics of radiative cooling mode (Figure 1). They were located one
next to the other, on the horizontal plane.
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Figure 2. Sketch of the experimental setup.
The film used for the radiative cooler was chosen among different kinds of plastic foils, namely
polymethylmethacrylate (PMMA), low-density polyethylene (PELD) and high-density polyethylene
(PEHD). Their optical properties were analyzed in the whole spectrum of solar and IR radiations.
Three different spectrophotometers were used to cover the UV-vis, the near IR and the far IR spectrum
ranges. They were the UV Analytikjena specord 210, the Foss NIR XDS Rapid Content Analyzer and
the Jasco FT-IR 6300 series, respectively. PELD film was finally chosen, as it was the most transparent
in the infrared band of the electromagnetic radiation. Table 1 shows the resulting mean transmittance
in the three measured spectrum ranges for the selected PELD film.
Table 1. Measured mean transmittance for the selected low-density polyethylene (PELD) film.
UV–Vis NIR FT-IR
Range (0.19–1.1 µm) (0.4–2.5 µm) (2.5–15.5 µm)
Mean Transmittance 0.88 0.84 0.98
3. Methodology
3.1. Description of the Experimental Campaign
Experiments were performed for several days combining solar collection mode (from 8.00 to 20.00
h) and radiative cooling mode (from 21.00 to 7.00 h). The experiments were performed during the
summer period in Lleida (Dry Mediterranean Continental climate). Specifically, the experimental
campaign consisted of two periods; the first one from 26th to 28th July 2017 and the second one from
31st July to 4th August 2017.
The tests were always performed in the same way. Early in the morning, several valves were set to
the solar collection mode and the pump was started, so that the water in the secondary circuit, initially
in thermal equilibrium with the ambient, could circulate through the RCE and heat up. This water
flowed then through the internal heating coil of the hot tank, heating up the water in the tank, which
was as well at ambient temperature at the beginning. All the experimental variables were monitored
and registered every minute in the data logger. The cloudiness of the sky was observed visually along
the day, together with the information about clouds on the online local weather station. After sunset,
the set of valves was changed to radiative cooling mode, and then water in the cold tank, initially at
ambient temperature, was circulated directly to the RCE, starting the cooling process thanks to the
radiative heat transfer to the night sky. As cooling powers are much lower than the heating powers
during the day, to prevent heat losses and maximize the cold output, only a primary circuit was used
between the cold water tank and the RCE. The water flowrates were kept constant during each test,
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although some fluctuations due to the pump operation were observed along the day, with maximum
deviations of 25% with respect to the average value (see Table 2). In the second period, the flow rate at
night was reduced to about 60% of the daily value to increase the inlet–outlet temperature difference
and reduce in that way the uncertainty of the calculated cooling power. The tested range of flow rates
was 0.5–1.9 L/min.
Table 2. Operating characteristics of the testing days.





26/07/17 (13:00–20:00) Day 1.1 Clear 1.36 ± 0.07
26/07/17 (21:00)–27/07/17 (7:00) Night 1.1 Clear 1.30 ± 0.02
27/07/17 (8:00–20:00) Day 1.2 Clear 1.25 ± 0.2
27/07/17 (21:00)–28/07/17 (7:00) Night 1.2 Clear 1.29 ± 0.02
28/07/17 (8:00–18:00) Day 1.3 Clear 1.89 ± 0.51
Second
period
31/07/17 (8:30–20:00) Day 2.1 Clear 1.42 ± 0.1
31/07/17 (21:00)–01/08/17 (7:00) Night 2.1 Clear 0.63 ± 0.01
01/08/17 (8:00–20:00) Day 2.2 Cloudy 1.34 ± 0.14
01/08/17 (21:00)–02/08/17 (7:00) Night 2.2 Cloudy 0.56 ± 0.01
02/08/17 (8:00–20:00) Day 2.3 Cloudy 1.36 ± 0.09
02/08/17 (21:00)–03/08/17 (7:00) Night 2.3 Cloudy 0.57 ± 0.01
03/08/17 (8:00–20:00) Day 2.4 Clear 1.34 ± 0.15
03/08/17 (21:00)–04/08/17 (7:00) Night 2.4 Clear 0.52 ± 0.02
During the cooling mode, the hot water tank was discharged to ambient temperature using an
air–water fin heat exchanger. The same process was used to discharge the cold stored during the night
in the cold tank.
The first testing period turned out to be a clear sky period, while the second one combined clear
and cloudy days. The details of the testing days, including the operating dates and hours, the day
labels and the flow rates used are presented in Table 2.
3.2. Determination of Performance Parameters
To evaluate the performance of the RCE, production rates for both solar collection and radiative
cooling were calculated (Equation (1)), as well as efficiencies (Equations (2) and (3)).
.
q = υ× ρ× cp × ∆T (1)
where:
.
q is the power of the device (W).
υ is the volumetric flow rate (m3/s).
ρ is the density of the fluid (kg/m3).
cp is the heat capacity of the fluid (J/kg·K).










ηsc is the solar collection efficiency (-).
.
qsc is the power of the device in Solar Collector (SC) mode (W).
A is the collector area (m2).
I is the Solar Irradiation; in this case, Global Horizontal Solar Irradiation (W/m2).
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ηrc is the radiative cooling efficiency (-).
.
qrc is the power of the device in Radiative Cooling (RC) mode (W).
A is the collector area (m2).
R is the effective outgoing infrared radiation (W/m2).
The value of R is determined as the difference between the infrared radiation emitted by the
radiative cooler surface (R↑) and the infrared radiation from the atmosphere (sky) absorbed by this
surface (R↓):
R = R↑ −R↓ =
(




R↓ is the Incoming Radiation (measured on-site) (W/m2).
R↑ is the infrared radiation emitted by the radiative cooler surface (W/m2).
ε is the ideal radiator emissivity/absorptivity, in this case 1 (-).
σ is the Stefan–Boltzmann constant, 5.67 × 10–8 (W/m2 K4).
Trc is the temperature of the radiator (average inlet/outlet) (K).
This radiative cooling net balance of the surface, R, is considered the maximum potential for
radiative cooling of the RCE, and should be compared with the actual cooling power that is transferred
to the water,
.
qrc, to evaluate the radiative cooler efficiency during the night (Equation (3)).
The uncertainty of the above presented experimental parameters (Equations (1)–(3)) have been
calculated as a function of the direct measured variables (namely, inlet water temperature Tin, outlet
water temperature Tout, volumetric flow rate υ, solar irradiation I and incoming IR radiation R↓)
and their associated accuracy. The heat capacity cp and the density ρ values for water are taken
from the literature at the average RCE temperature. Applying the standard method for uncertainty
propagation [42], the calculated uncertainty for heating power (day), cooling power (night), solar
collector efficiency and radiative cooler efficiency are 3%, 8%, 3% and 20%, respectively. Special care
was taken in the selection of instruments with the lowest uncertainties possible, as the low radiative
cooling powers at nights made them more critical to finally obtain reasonable uncertainties.
4. Results and Discussion
In the following section direct measurement and calculated parameters for the RCE testing periods
are presented and discussed.
4.1. Direct Measurements and Testing Observations
During the first period, the meteorology was stable with all-day clear and sunshine. The outdoor
temperature oscillated from 19 to 40 ◦C, with Global Horizontal Irradiation (GHI) peak values up to
960 W/m2, average values of 670 W/m2 and Incoming Infrared Radiation average values of 340 W/m2.
In the second period, the meteorology was stable with some cloudy days and the outdoor temperature
oscillated from 23 to 42 ◦C, with GHI peak values up to 935 W/m2, a GHI average value of 539 W/m2
and Incoming Infrared Radiation average values of 355 W/m2.
In the first testing period, mainly under clear sky conditions, the RCE was capable to produce
heat, reaching maximum outlet temperature values of 64 ◦C (Figure 3), achieving average temperature
differences between the outlet water (Tout) and the ambient (Tamb) around 17–22 ◦C (Table 2). In the
second period, with both cloudy and clear days, the RCE produced heat as well, reaching maximum
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outlet temperature values of 67 ◦C for the two clear days, but lower values the other two days (47–60 ◦C).
The average temperature differences between the outlet water and the ambient in this period were
around 8–14 ◦C (Table 2).
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Figure 3. Experimental results of the Radiative Collector and Emitter (RCE) concept.
The measured incoming sky IR radiation remained very stable along the two test periods, in a
range 310–400 W/m2, with slightly higher values during the days and in cloudy periods, and more
oscillations in cloudy periods (Figure 3).
On the other hand, the RCE also showed the capability to produce cold water, reaching inimum
outlet water temperatures close to 16 ◦C in the first period and of 20 ◦C in the second one (Figure 3),
with average temperature differences between the outlet water and ambient around 2–3 ◦C (Table 2).
Apart from measured data, other empirical details were observed. In some occasions, the radiative
emitter presented dew or water moisture attached to the inner part of the plastic foil. This phenomenon
was observed during the morning inspection and it was not possible to determine when it occurs
as well as the effects on the performance. Despite the effects were not quantified, it reduces the
performance of the system because the water film becomes the radiating surface [43]. This effect blocks
the direct contact between the surface of the radiator and the sky.
4.2. Heating and Cooling Powers for RCE
Figur 4 shows the c lculated heating and cooling power produced by the RCE during the two
testing periods (see Eq ation (1)). Note that for the sake of clarity the cooling power scale (right vertic l
axis) is one order of magnitude smaller than the heating power scale (left vertical axis) and th absolute
value is used fo cooling, skipping the negative sign. In the first clear sky period average heating
powers of 290–315 W/m2 are achieved, with peak values above 500 W/m2, whereas in he sec nd
p riod, the average heating powers ar smaller (range 120–290 W/m2), with a peak of 539 W/m2 in Day
6 (Figure 4 and Table 3). Daily average solar collector efficiencies of 0.43–0.49 are achieved in the first
period, while in the second period they are slightly lower, in the range 0.34–0.46 (Table 3). Regarding
the cooling power at nights, average values between 13–34 W/m2 were achieved, with peak powers
above 46 W/m2 on Day 4 (Figure 4 and Table 3). Average radiative cooling efficiencies in the range
0.12–0.32 were obtained (Table 3).
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i Average Peak Average Peak Heating Cooling Heating, ηsc Cooling, ηrc
Day 1.1 313.3 545.5 - - 24.98 - 43 -
Night 1.1 - - 26.04 36.3 - −2.14 - 24
Day 1.2 293.5 513.8 - - 19.68 - 46 -
Night 1.2 - - 12.63 22.5 - −2.68 - 12
Day 1.3 310.7 583.3 - - 13.84 - 49 -
Day 2.1 265.7 482.9 - - 20.65 - 42 -
Night 2.1 - - 33.35 48.5 - −2.47 - 32
Day 2.2 122.9 425.7 - - 8.16 - 34 -
Night 2.2 - - 23.84 31.6 - −2.56 - 26
Day 2.3 238.6 538.5 - - 12.95 - 46 -
Night 2.3 - - 22.69 33.9 - −2.62 - 24
Day 2.4 293.0 512.7 - - 15.71 - 46 -
Night 2.4 - 30.64 36.2 - −3.44 - 28
4.3. Maximum Potential for Cooling
Figure 5 shows the calculated effective IR radiation from the RCE to the sky, which gives the
maximum potential for cooling for the RCE. The incoming IR radiation measured by the pyrgeometer
and the calculated outgoing IR radiation from the RCE surface (see Equation (4)) are included as well.
It is interesting to notice that the potential for cooling increases a lot in the RCE during the day. This is
due to the fact that the RCE is working as a solar collector at that time, and the temperature of the
absorber/emitter surface is quite high (40–70 ◦C) and, thus, the capacity to irradiate to the sky increases
above 350 W/m2 of cooling power. However, the glass cover blocks this potential IR radiation to the
sky. The importance of the proposed adaptive cover is highlighted here also for the heating operating
mode. If only the PE film was used as cover, this cooling power would be mostly radiated to the sky
through the PE film and the solar collector efficiency of the RCE would substantially decrease.
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5. Conclusions
The present research designed, constructed and analyzed experimentally the concept of the
combined renewable production of heating and cooling via thermal collection and sky radiative cooling
in a single device, the Radiative Collector and Emitter (RCE) device. It proved the concept and showed
the potential to be introduced in buildings as an active system for heating and cooling. The results
demonstrate the potential of the RCE concept to heat up water during daylight hours and to cool down
water during the night.
Along the tested days, the RCE device produced peak heating power values up to 583 W/m2
during the day, with average efficiencies up to 49%. During the night the RCE achieved peak cooling
powers of 33 W/m2, with average cooling efficiencies up to 32%. When compared to other cooling
technologies such as electrically driven compression water chillers, RCE is not able to provide the
same low temperature levels (7–12 ◦C) or efficiencies (SEER of 2–5). It is important to bear in mind that
chillers and other existing cooling technologies consume non-renewable primary energy whereas the
RCE is driven by renewable primary energy. When primary energy is considered, RCE average cooling
efficiencies are in the same order of magnitude than those of electrically driven compression water
chillers (80%–100%, based on a Primary Energy Factor of 2.5 [44]). Thus, the wise decision in a building
with both technologies would be to give priority to the RCE, even with a low performance, and then
complement the demand and/or temperature level shortcomings with the compression chillers.
Although improvements are required in order to maximize the cold production and reach useful
temperature levels, this first RCE prototype has proven the concept of cooling down water below
ambient temperature by the use of sky night radiation, while heating up water during the day.
Special attention was put on the radiative cooling mode. Even if it was not the best season for
radiative cooling mode, with shorter periods of nighttime, it is in summer when it makes sense to
produce cold. The cold produced during the night can be used either as a direct cooling source or as a
heat sink for other cooling technologies (such as heat pumps) in order to improve its efficiency, thus
reducing the use of non-renewable energies. However, further improvements are required to take full
advantage of this new concept.
A negative effect was observed during experimental testing. The formation of dew was on both
sides of the cover, but especially in the inner side. The dew on the inner (and outer) side of the cover
can be a problem for the performance of the system, especially in humid climates. However, some
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solutions such as creating a vacuum between the radiator surface and the cover can eliminate or
mitigate its effects.
Future research will address the first prototype of the single RCE device, with a practical solution
for an automatically controlled adaptive cover.
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